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Abstract

The Voyage.r lI~tcl-stellar Mission began on January
1, 1990, with the primary objective being, to characterize
the intet planctary medium beyond Neptune and to scar ch
for the transition region between the interplanctary
medium and the interstellar medium. Al the start of this
mission, the two Voyager spacecs aft had already beeni 1
flight for over twelve years having successfully returned
awcalth of scientific informationaboutthe plane. la-y
systems of Jupiter, Saturn, Uranus, and Neptune, and
the interplanctary medium between Harth and Neptune.
With the two spacecraft having the potential to continue
returning science data until the year 2020 there is a high
likeli hood of one of the two spacecraft penctrating the
termination shock and possibly the heliopause boundary,
and cntering interstellar space..

‘1'his paper describes  the Voyager Interstellar
Mission - the mission objectives, the spacecraft and
science payload, the mission operations system used to
support operations, and the mission opcrations str ategy
being used to maximi ze scienee data return even inthe
eventof cer {SIN potential spacecraflt subsyste m failures.
The implementation 0 f  autor nated analysis tools o
offset/enable reduced flight team staffing levels is also
discussed

Introduction

The Voyager Interstellar Mission  (VIM) is an
extended mission having the potential of continuing
spacecraft operations until around the year 20?(). This
mission provides the heliospher ic science community
with ary excellent  opportunity  to obtain in situ
measutements of the. subsonic solar wind beyond the
ter mination shock, and the interstellar medium beyond
the heliopause boundary.  Based on current estimates  of
the termination shock and heliopause locations, there i
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ahighlikelihood of a Voyager space.craft penetrating onc
o1 both of these heliospheric features before 2020.

The Voyage.r Interstellar Mission is char actet ized
by:

(1) science requirements that can be satisfied with
science instiument observations that arc
primarily repetitive in nature;

(?) long round-trip -light-times complicating
spacecraft monitoring and conti 01,

(3) significantly reduced flight team staffing levels
relative 10 the Voyager prime mission.

These mission characteristics have resulted in
sig nificant changes to the methods used to conduct both
uplink and downlink mission operations. Changes have
included the development of an entirely new sequence
generation process consistent with the repetitive nature
of the scicnee instrument observations and the reduced
flight tcam staffing levels. Ganges have aso been
miade 10 the process used for real-tiil)c. monitoring of
routine spacecraft operations, The development Of an
automated alarm monitoring tool has almost climinated
the need for real-time monitotr ing per sonnel. In addition,
immediately after the start. o f VIM operations, the
telemetr y and command systems began a transition from
project dedicated hardware and software t0 multi-mission
hardware  and software.  This transition has been
completed and the telemetry and command systems are
now in a maintenance phase.

Throughout the 19 years of flight, the Voyager
spacecraft operational/performance chatacter istics and the
Ground Data System (GDS) capabilities have changed
dramatically.  In addition to the GDS tiansition to
multi-mission hardware and software, periodic spacecraft
and GDS configy ration changes have been necessary 1o
deal with:

(1) abetterunderstanding of the actual spacecraft
performance capabilitics;

(2) spacccraft performance changes duc to
increased age Or subsystem anomalies, anti;

3) spacectaft eng incering changesresulting from
the ever increasing operating distance from the
Far th and Sun.




In addition, programmalic changes reducing the size
of the flight team have had to be accommodated duting
VIM. The mission impact of the reduced flight team
staffing has resulted primarily in limited reductions in
science  data  acquisition  and
capabilitics.

anomaly  response

VYoyager Mission History

In the mid-1960s the basic plan for a multi-planet
tour of the outer solar system plancts with a single
spacect aft was cstablished.  This plan relied on the use
of the gravity ficld and orbital velocity of a planct to
modify the trajectory of a spacccraft (gravity assist),
permitling a single spacecraft 1o achieve multiple planet
encounters  without  large  on-board  propellant
requitements.' Pioncer 11, launchedin 1973, was the
first spacecraft to USC a gravity assist to travel from one
planct 10 another.  The Pioncer | 1 trajectory was
tai geted to achicve Jupiter encounter conditions that
would bend the spacecr aft’s flight path and increase its
heliocentric velocity enough to deliver it to Saturn.

The number of plancts that can be reached using
this gravity assist technique depends on the specific
gcometry of the planets posit tions. It was fortuitous that
arare (oceurs approximately every 175 years) al ignment
o f the outer planets, Jupiter, Satur n, Uranus, and
Neptune occurred in the late 1970s that would allow a
“prand towr “ of all four giant plancts by a single
spacecrafl. In 19 “/2.; the Mariner Jupiter/Saturn1977
(MIS77) project was initiated (0 take advantage of this
alignment (priot 10 launch the project name was changed
to Voyager ). M) S7/ was & scaled down veision of the
potential four planet grand tour, initially being limited
to conducling exploratory investigations of the Jupiter
and Satu | n planctary systems and the interplanctary
medium between Harth and Saturn. In early 1976, the
mission objectives were extenided to include the possible
Voyager 2 exploration of Uranus with an encountes in
carly 1986. The Neptu ne option was approved in 1985,

The Voyager ? spacecraft was launched on August
20, 1977 and Voyager 1 onSeptember 5, 1977, The
launches were accomplish using the Titan 1T E
CentaurD-1°1" launch vehicle. Voyager 1 having been
launched on a higher encrgy trajectory passed Voyager 2
during the C. 1 UISC to Jupiter, arriving, a Jupiter first on
March 5, 1979.  Voyager 2 anived at Jupiter four
months later 011 July 9, 1979. From 1979 to 1989,
Voyager 1 completed successful encounters with Jupiter
and  Saturn, and Voyage.r 2 completed successful
cncounters With Jupiter, Saturn, Uranus,and Neptune.
ligure 1 illustrates the trajectories of the two Voyager

spaceeralt th rough the solar system and includes the
closest approach dates at cach planet
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Figure 1 - Voyager 1 & 2 Interplanctary Trajectorics
Voyager Spacecrafl
Spaceeraft Description

The twoidentical Voyager spacecrafl arc. mechanized
in hardware and software which, When operated by
ground commanded sequences, are capable of making
detailed scientific measurements for the exploration of
the outer solar systemn.  While the space.cl-aft hardware
cannot be modified in flight, other than switching to
redundant units, the soflware contained in the three on-
board computers is capable of being reprogrammed.
This reprogramming  capability is a key Voyager
spacecraft capability and has been extensively used, both
during the Voyager primary mission and during the
preparation for and conduct 0f  the extended Voyager
Interstellar Mission.

Becanse oOf the long round-trip-light-times involved
throughout the Voyager mission, each Voyager
spacecraft is capable of autonomous operation. This
autonomous operation includes both the acquisition and
transmission of science and engineering data to Harth,
and in supporting an on-board capability to respond to a
Wiinberof spacecraft anomalies with preprogramied



responses,

‘The Voyager spacecraft (825 kg including 103 kg of
hydiazine propellant) i s shown i n its in-flight
configuration in Fig, 2.2

Key spacecraft characteristics include:

« “Three-axis slat) ilization: sun sensor, stai
tracker, 3- axis gyros;
“1'w() degr cc-of-freedom scan plat form;
S-trend uplink/downlink, X-band downlink;

- Polygonclectronics bus structure : 10 bays;

o Radioisotope Thermoclectric Generator (I<'I'G)
power supply;
Reprogrammable computers: Computer
Command Subsystem (CCS), Flight Data
Subsystem (FFDS), Attitude and Articulation
Contr ol Subsystem (AACS);

« Hydrazine propulsion for attitude control and
trajectory correction;
Thermal blankets anti louvered bays/assemblies;

« Digital Tape Recorder (DTR): 8 (racks, 536
megabits capacity;
Six ficlds, particles and waves instruments;
Five opticalinstiuments, anti;

+ Radio science.
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i ‘igure 2 - Voyager Spacecrafl

over the course Of the mission, periodic spacecrafl
and ground system con figuration changes have been

made as aresult of cither abetter understanding of actual

spacecraft  petformance  characteristics,  spacccraft
performance changes due to increased age or subsystem
anomalies, o1 engineet ing changes resulting fi om the
cvet increasing distance from the Earth anti Sun. ‘1'le
most ser jous spacect aft pet formance change occurred on-
board Voyager 2 in April, 1978, when its primary
receiver and the tracking loop circuit on its back up
receiverfailed. This double failure meant that the uplink
catticr reception capability of the spacecraft was reduced
to a bandwidth of only # 100 Hz instead of the nornal
3100 KHz. This eliminated the receiver's capability for
t racking the always present 1 Joppler induced ficquency
validations in thcuplink carrier signal.  As a result of
these failures, ground systemm modifications were
implemented to provide the. capability to vary the uplink
carricr frequency transmitted by a Deep Space Network
(i SNy tracking station in a manner that presented a near
constant cartier frequency to the. spacecraftreceiver. The
techniques developed in 197810 cope with this anomaly
are dill in use today. Key engincering changes resulting
fiom a belter understanding of the actual spacecraft
pet formance and the ever increasing operating distance
fiom the Bar th anti Sun are summarized in Table 1.7

Benefit
Allowed, planetary limih —
(racking for radio science
andtarget body tracking
for close satellite flybys
Reduced interaction
between the | YIR and
resultant spacecraft

Change
1979 - Voyager 1&2 -
[mplemented 1MAEE motion
zompensation using gyro drift turns

1979 < Voyager 1&2
tmplemented automated on-board
D TFRmomentgmcancellation

sapability

motion

1985~ Voyager 2 - Quahfied
thiusters o operate ar 4 misece
pulses rather than the nornial 10
msee

dnft rate resulting in
reduced image smear
during long exposures

Reduced attitude contiol ~

1985 - Voyager Z- Tmplemented
on-boardimaging data

compr ession and Reed- Solomon
data encoding

Allowed near Sarurrl-level
voluine of imaging datato
be returned at Uranus and
Neptune distances

1985 - Voyager 2 - Iimplemented
increased gyro drift tuen rate:
capability

Allowed fruage motron
compensation for close
Miranda flyby
obscrvations

1985 Voyaper 2- Modificd
Parkes antenna for teleinctry data
reception arrayed with Canberra
DSN__ antennas

Increased telemetry
receplion data rates at
Uranus distance

1989 - Voyager 2. 1SN GAeter
diameter antennas enlarged to 70
meter dianheter

Increased telemetry
receptiion cdata rates at
Neptune distance

1989 . Voyager 2- Modified Very
Large Array (V1 .A)antennas for

telemetry reception - anayed with
Goldstone DSN antennas

Increased telemetry
reception data rates at
Neptune distance

1989 . Vovager 2- Tengthened
camera exposuie duration
capability

two new image motion
compensation technigues long

exposure duration al Neptune

17989 Voyager 2 - Iimplemented

Needed to accommodate

long exposure duration's at
Neptune

Needed to minimuze image-

smear during long,

| exposure duration’s at

| Neptune

Table i - Summary of Key Engincering Changes




white both  Voyager spacecraft have sustained
partial engincering subsystem failures and performance
degradation, cach remains capable of supporting the
Voyager Interstellar Mission  objectives.  1ladware
redundancy and the ability to reprogram the on-board
computers have provided adequate work-arounds for the
anomalies experienced to dale.  Towever, as aresult of
partial  subsystem failures, single  point  failure
conditions do exist on cach spacceraft.

For Voyager 1, a complete failure of onc of the
FDS computer memorics resulted in @ single-point-of-
failure condition that would be mission catastrophic
should the seccond memory fail.  The FDS functions
include control of all instrument operations, and the
formatting of science and engincering data for
transmission to Earth.  The current 1 S program
utilizes  cssentially the complete  remaining VDS
memory.  A's protection against partial loss of the
functioning memory, an FEDS program has b e e n
constructed, with limited capabilities for instrument
operation and data formatting, that requires only half of
the FDS memory.  In the event of apartial 1 DS
memory fail ure, this program could be loaded into the
functioning portion of the memory to continue Voyager
| operations. A second Voyagetlsingle-point-of-
failure is inthe Radio Irequency Subsystem where one
of the X-band traveling wave t ubes (X-TWT) has
degraded to a near failed condition. The second X-"I"WI’
has been functioning continuously since 1989 without
any indication of degradation,

For Voyager 2, the previousl y discussed receiver
failure results in a single-poin t-o [-failure condition
which could result in the totalloss 01 command
reception capability.  This potential failure has been
offset by the on-board sequence capability (1o be
deseribed) that will maintain science data acquisition
untilabout 2020 even in the event 01 a failure of the
remaining receiver.

Payload Diescription

During the Voyager pt imc mission, cleven science
lnvestigations  were  supported by twelve  science
i nstruments can ied on-boar ¢ cach of the Voyager
spucccmi‘l.(‘ Because of the nature of the VIM (afields,
paiticles, and waves mission), only scven of these
instruments are appropriate for addressing. the VIM
scicnce objectives.  Table ? identifies cach of the
payloadinstruments supporting the Voyager Interstellar
Mission and provides a brief deseription of  the
instruments  performance  characteristics. Al seven
insttuments, with the exception of the 1'1 .S on Voyaget
1, ac operating satisfactorily on both spacecraft. The

1’1 .S onVoyager 1 sulfered a major loss of sensitivity
shortly :il’ (et the Saturn encounter.  The instrument
continues to operate in this degraded mode.

Instrument [ Characteristics
Magnctometer Mecasures the magnitude and direction of —
(MAG) magnetic fields between 0.006y and 2X 10y,

Tow-Tncigy
Charged Particle
(1xCP)

Measures mtensitics o f charged particles
with energies fiomabout 30 keV to 100McV
forions, and about 20 keV to >10 MeV for
clectrons, Provides spectral, angular, a4
compositional  information  about  the
particles.

Detects positive 1ons arid elections with
energies-pet ~charge from 10 v 1o 6 kV.
Provides Plastua density, velocity, and
temperatuicinforination.

Plasina Sciencee
(1'1.s)

Cosmic  Ray
Subsystem (CRS)

Measures the encrgy spectiutn Of clectrons
from 3 MeV to 110 Mev. Mcasures the

enc rgy spectra and clemental composition off
all cosmic my nuclei from hydrogen through
iron over an energy range of = 1MceV/nue
through 500 MeVinue.

Mecasures ifie celectricf@dticcomponciitsof ~

Plasma Wave

Subsystemn lecal plasima wawves @over the frequency
(PWS) rangeextendling from 10 Hzto SGhKHz..
Planctary Radio Measures the spectram, polarization, andl
Ashionomy time structure of radio emissions in the
(PRA) frequency range fronml 1.2 kHz to 40.5 M.
Ultraviolcet Measures ultravioletradiation in the 500A™ to
Spectrometen 1700A range.

(UVS)

‘1'able 2- Voyager Interstellar Mission Payload

The UVS remote sensing instrument is mounted on
a movable two-degree-Of-freedom scan_plat form.  The
other VIM instruments are body-mounted in a fixed
orientation.

Yoyager Interstellar Mission
Science Objectives

At the start of the VIM there were two scicnee
objectives being, addressed;

(1) To investigate the interplanctary and interstellar
media, and to characterize the interaction
between the lwo, and

(2) To continue the successful Voyager program of
ultraviolet astronomy.

Both of these objectives were supported from 1990
until 1993 when a programmatic change was madc by
N A SA Headquarters deleting the ultraviolet astronomy
objective.  Ultraviolet  observations  continued after
1993, and are still being performed, but only in support
of objective (1).

Specific scicnce objectives currently being addressed
and the investigations contributing to cach objective arc
desceribed in Table 3.




Science Objectives

Contributing |
Investigations

Charactesize the evolution of the solar wind
with increasing distance from the Sun

MAG, PLS,
LIECPCRS, PWS

Obscrve solat cycle variation in the distant
interplanclary medium

MAG, IPLS, ~
LIECP,CRS, PWS

Investigate latitudinal variations in the MAG, 1L.ECP,
interplanctary medium CRS,  PWS
Scarch for low-cnergy cosmic rays LECPACRS
Characterize particle acceleration MAG;,PILS,
mechanisius and plasma thermalization 1.1CP, CRS
mechanisms in the interplanctary medium

Scarchfor evidence of interstellar Tiydrogen | UVS1PLS,
and heliom from the interstellar wind LAQ:, crs

the termination shock

Obscrve and characterize the termination MAG;, P1.S,

shock of the supersonic solarwind 1.ECP, CRS,
PWS, PRA

Chatacterize the subsonic solar wind beyond | MAG, VLS,

1.ECP, CRS, PWS

Observe and characterize the heliopause

MAG, PL.S,
LECCPCRS, PWS

Characterize the Tocal interstellar ynedium
and associated radio emissions

MAG, PLIS. |
1.KCP, CRS,
PWS, PRA, UVS

Obscrve radio emissions from the Sunand
solar wind

PRA, PWS  — |

Monitor the extreme ultraviolet cinissions of
the Sun

Scarch for interplanctary and interstellar £a8

uvs 0 T

uvs

Table 3 - Science Objectives and Investig ations

Irajectory Information

The two Voyager spacecraft are pursuing these

science objectives from positions above and below the
ccliptic plane. The Voyager 1 Saturn flyby resulted in
the spacecra {l being deflected out of the ecliptic planc to
the north atan angle of 35.5% in the genceral direction 01
the solar apex. Voyager? was deflected by Neptune in a
direction southor the ecliptic plain at an angle of 48°
and about 90° away from the directionof Voyager 1 .
Figures 3 and 4 illustrate spacecraft heliocentric distance
and heliocentric latitude (with respect to the ecliptic
planc). Figure 5 indicates the distance cach spacecralt is
outof the ecliptic plane.
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Figure 5 - Distance Out of Feliptic Plane
Reaching the Termination Shock & eliopause
Recent  estimates, by the Plasma  Wave

Investigation Team, of the termination shock location
1ange from 80 (o 115 astronomical units (A U), and
estimates of the heliopause location range from 110 to
160 AU." The Cosmic Ray Investig ation Team recently
reported an estimate of the termination shock location in
1994 a1 8545 AU.* Based on these estimates, reaching
the termination shock and the heliopause with onc of the
Voyager spacceraft may be achicvable within
projected lifetime of the spacecraft  Voyager 1 i s
currently 65 AU from the Sun, traveling a a speed of
3.6 AU per ycar, and will rcach 150 AU in the year
2020, Voyager 2 is currently 49 AU from the Sun,
traveling ata slower speed of 3.1AU per year, and will
rcach 125 AlTin the year 2020.

If the locations of these two heliospheric features
are neat the low end of these. estimates, 80 A U
(termination shock), 110 AU (heliopausc), Voyager 1
would reach the termination shock in 2001, and the

the




heliopause in 2009,
termination shock distance in 20006, and the heliopause
distance in 2015,

Voyager 2 would reach the

The transition from the Voyager prime mission to
the Voyager Interstellar Mission  included  significant
changes in all arcas of mission operations.  Initially
these changes included:

« greatly reduced flight team staffing consistent
with an extended mission of reduced complexity;

+ {ransition from project dedicated telemetry and
command hardware and software to a multi-
mission set of hardware and sofllware;
extensive re-engineet ing of the Mission Sequence
Subsystem (MSS) to simplify the sequence
generation process, and conversion where feasible
fioma main frame computer to anctworked
personnelcomputer (PC) based plal 1010)™;

- configuration of the spaccerafll FDS software to
reflect the planned instrament operating modes
and downlink datarafts;

« developmentand implementation of the capability
1o store = 30 years of High Gain Antenna
pointing information in the CCS memory;

+ implementation of anew spacecraft and
instrument sequence ing technique consistent with
the repetitive nature of the planned science data
acquisition strategy.

These inival changes were suceessfully accomplished in
thc 1990 - 1991 time period. During the 1992 - 1996
time period other significant changes have included:

<additional reduction (SO%) in flightteam stafling
Sire;

.initiated the transition of the complete set of
MSS software to a UNIX platform, utilizing,
multi-mission core software where appropriate;

.deve.loped andimplemented automated alarm
monitoring and notification capability to reduce
the necessary real time mission control support.

Mission QOperatio

ns_System

‘The Voyager Mission Operations System (MOS) is
the collection of hardware and software, facilitics,
personnel . and procedures utilized to remotely monitor
and control the Voyager spacccraft and deliver data
products (o engincering and scicnce users. Included in
the MOS are the GDS, which makes extensive use of

institutionally supported multi-mission ground data
system elements, the Voyager flight team, and a mature
collection of operating procedures that have evolved
throughout the mission.

Ground Data System

D uring the Voyager missions to Jupiter and Saturn,
and then onto Uranus and Neptune, the GDS was
ficquently modified to incorporate  capabilities based on
acw mission requirements, and to add performance
enhancing features. However, the overal architecture of
the GDS remained largely unchanged from launch, and
was based largely on  customized mission-dedicated
processors formost rca-time functions (i.e., telemetry,
command), and batch-oriented mainframe processing for
support of nomrcal-time. functions (i. €, sequencing,
navigation, experiment records generation) As Voyager
cntered the VIM cra the Projectplanned significant
changesin how mission operations would be conducted.
These plans included the reduction or climination 0 f
some GDS suppor  requireme nts and the addition of new
requirements  to support a  completely re-engincered
sequence  generation  process. This coupled with  a
decision to eliminate mission-ded icated systems in favor
of new multi i-mission capabilitics led to a major
overhaul of the GDS. A summary of GDS

modifications since the beginning of VIM is provided in
‘T'able 4:

GDS Subsystem Modifications Underlaken

Fhminated Univac and Vax-based mission
unique hardware and software, and
transitioned to Advanced Multi-Mission
Opecrations System (AMMOS) for support of
all real time telemetry processing.

Telemetry

Eliininated mainframe-based translators and
transitioned to AMMOS for sunnort of
command translation and groundeommand
file generation.

Command

[ Tracking -] Eliminated requitement s for support of this

N subsyslem.

Navigation Eliminated requitements for suppor ( of this
subsystem.

Sequence Eliminated mainframe-based seque nece
subsystern and replaced with a networked-1(
system. Software completely redesigned to

_ support new sequence gencralion strategy.

| Spacecrall Eliminated mainframe-based  processing,
Analysis components and special purpose processot s,

Adapted AMMOS capabilitics for spacecraf
anal sis su ) orl.

Eliminated mainfi ame-based system and -
re placed with a rite serve 1 architecture,
Replaced old data records software with a
mixture of AMMOS so fiware and new
customized software capabilitics.

‘Pata Records

Tmaging Eliminated requirements for support of this

systeim

Table 4 - VIM GDS Modifications




Today, we subsystems that comprise the Voyage
GDS are the Telemetry, Command, Sequence, Spacecrafl
Analysis, and Data Records. These subsystems are
distr ibuted across the globe, from the | SN tracking
stations (o the facilities at the Jet Propulsion 1 .aboratory
(JPL.). The GDS core processing clements are of the
samc lincage as those supporting Cassini, (he. Mars
program, and other new missions, andare kept current
through anactive test program providing periodic GDS
upgrades.

Conncctivity between the DSN stations and the
local GIDIS at JP1, is accomplished via the Ground
Communication Tacility (GCI). Network
communication links providing mission suppor tinclude
a“critical” 1.ocal Area Network (1 .AN) which connccts
all Voyager-resident clements (approximately 25 UNIX
workstations) of the GDS.  This 1.AN is connccted
act 0ss a gateway to the GCH and to the SN tracking
stations, and s the carrier of incoming spacecrafl
telemetry and science data, and of outgoing command
traffic. Connected to this 1 . ANare al the multi-mission
components of the GDS, as well as other gateways
leading to other projects and their mission-dependent
1 .ANx. Figure 5 provides an overview diagram of the
Voyager GDS.
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AMMOS telemetry processing  elements  (GIE,
1°19): (1) detectandremove frame and packet format
structures; (2) remove data transport arti facts and data
redundancy, and; (3) provide recovery from lost, noisy
and disorganized data,  1)ataare broadcast over the 1.AN
to project workst at ions in real-time and also stored in
the CDB for later access. Workstation access toretrieve
aon-rc.a-time data uses the data retricval tools DMD and
11)s.

The Voyager 1 JataRecords Subsystem (1IRS) has
evolved from a project-unique mainframe processing
systemto a workstation-based server capabil ity. “lhe
I ORS “science server” 1S connected to flight-critical
portions of the GDS through a gateway to satisfy
security requirements.  Connection in this  manner
allows the science community timely and uncomplicated
access 1o science processing functions, stored  data,
standard displays, cte.  The server processes raw science
and instrument health monit oring data, and provides
short term data storage.  The server supports  the
generation of 1 ixperiment 1ata Records (both quick-
look and final) which arc electronically transferred to the
science team institutions.

The Sequence Subsystem retics on a mixture of
Voyager-unique and mult i-mi ssion sequence generation
soltware. Al components of the M S S have
transitioned, or arc in the process of transition to UNIX
platforms. The Voyager-unique components provide for
sequence block parameter definition & editing, sequence
construction and sequence validation.  Multi-mission
components  interface to the fully multi-mission
Command  Subsystem  where  command general ion,
translation, transfer toa DSN station and radiation to the
spaceeralt OCC111.

It was mentioned earlier that Voyager acti vely
pursucs a testing program to maintain cutrency with the
latestmulti-mission capabilities. This is accomplished
with the use. of atest bed where new software iSinstalled
and basic capabilitics tested in a fligllt-like ecnvivonment.
The Voyager test bed is typically composed of several
flight workstations and a file scrver.  The test bed
configuration iStransitory, and a completion of any test
activity, workstations are reconfigured for {1 ight support
using the current operational version of GDS software.
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Flight Team Organization and Staffling

The Voyager {light team organization has evolved
from a multi-team organization a the startof the VIM
to the current single team Organ ization. initially, the
flighttcam was organizedalong functional lines with a
Scquence  ‘Team, Spacccraft Team, Science  Team,




Mission Control Team, Navigat ioa Tcam, and a J Jala
Management Tcam. With a staffing level of about 50
people, including management functions, flight tecam
members tended to specialize in specific technical areas.
‘J here was some, butlimited cross training of people (o
perform multiple functions,

With the staffing reductionin 1993 to a flight tcam
level of about ?5 people, the organizationandthe level
os cross training changed significantly. The
o1 ganization became process oriented with onl y two
tecams, an Uplink Team and a Downlink Team. The
Navigation T'cam, consisting of one person, was
climinated at this time because of the stability of the
orbit determination solutions and a trajectory estimate
that would satisty the mission requircments for the
duration of VJIM. The Uplink Team had responsibility
for all functions necessary to gencrate spacecrafl cvent
sequences and command loads, and 1o ( ransmi ( and
confirm commands sent t o the spacccraft | ‘Jhe
Downlink 'Team had responsibility for the captain,
conditioning, and delivery of science and ancillary data
commitled by the project to the science (cams, as well
as all engincering data required for monitoring the status
of the Voyager spacecraft.  The Downlink Team also
pet formed analysis of engincering telemetry data to
determine  spacecrafl and instrument performance and
health. It @so provided inputs to the uplink process for
the development of spacecraft sequences 10 obtain the
necessary engineering data to evaluate spacecraft and
mstrument performance and health. The Downlink Team
also provided spacecraft state and status data 10 predict
spacceralt behavior for real time monitoring. With the
IWO team organization and 25 member flight team, the
majority of flight team personnel had responsibilitics on
both the Uplink Team and the Downlink Team with
team personnel cross trained t o perform multiple
operations functions,  This cross training, combined
wi th the deletion of selected lower priority operations
tasks, was cssential 1o accomplishing the necessary
functions with the limited personnel available for
mission operations support.

With an expected further reduction in flight team
staffing in J 998 o 16 - 18 members, the flight tcam
was reorganized in mid J 996 to asingle team
organization.  While the stafling reduction is not
anticipated before mid 1998, this carly change will
provide valuable experience before the stafl down oceurs.
Additional cross training and combining of functions
Wi i i benecessary to assure @ | necessary operational
functions are performed. }igure 6 describes the single
team organization and the major functions pet formed by
tile flight team.

Project Project
Scientist Manager
P —— Administrative
Multi-Mission Supporl
Support

Voyager Flight Team

. Flight'T'eam Management

. Mission Planning

. Systems Analysi s/Mission Control

. Sequence Generation

. Spacecraflt Subsystem Analysis

« DataManagem ent

. Network Administration

. Softwat ¢ Maintcnance

. Multi-mission Support Coordination
. Public Outrecach

Figure 6 - Voyager Project Organization
Mission _Opcrations
Data Acquisition and Delivery

J)ata acquisition and delivery is the payoff for any
space scicnce mission. |t consists of all ground and
spacecrall operations necessary 0 perforny the desired
science observations, transmission of the science data to
the ground, capturing the data on the ground, processing
the data, and delivering it to the science investigation
teams for their analysis.

Scquencing Strategy

Key to acquiring the desired science observations
and maintaining an adequate level of ission adaptivity
is the sequencing strategy. Because of the Timited flight
tcam resources  avai lable for spacecraft sequence
generation, this strategy has to minimize the labor
required while satisfying the science data acquisition
icquirements  and  flight  system  health and  safety
engineering needs,

The sequencing strategy employed for the VI M s
quite different from the strategy used during the  Voyager
ptime mission. During the prime mission (pre- J990),
the sequencing strategy involved periodically sending a
group of commands (command load) to the spacecrafl
that would control its operation for a specified period of
time. This lime period could be as much as a fcw
months during the ¢ruise between plancts, to as little as
several hours scar the spacecraft's closest approach to a

planet.  The command | 0ad reflected the desired



spacecrafl sequence-of-act ivities (sequence). These
sequence-o f-activities were, in general, a series of one of
a kind instrument observations, with each sequence
being unique in nature.  Because of the fiequency of
command loads and the complexity and uniqueness of
(tic sequences, Severa sequences/commiand loads would
be indevelopment at the same time.  This concurrent
sequence development effort required a large Sequence
Team to generate and validate the multiple spacecraft
sequences/com mand loads.

In contrast, the V 1h4 science objectives and
resulting instrument  observations, along  with  the
limited flight team staffing led to avery diflc.rent
sequencing strategy for the VIM.  Instead of onc of a
kind activitics, the VIM is characterized primarily by
repetitive science observations.

In response to t hi s fundamental change in
observation  requirements, @ scquencing - strategy
comprised of four basic clements was devised and
implemented in the first year of the VIM ( 1990). The
firstelementof this strategy isa continuously exccuting
sequence  of repetitive  science  observations  ad
cng incering calibrations called the “baselim scquence.”
A bascl ine sequence is stored on-board cach spacecr all
and contains the instru ctions needed to acquire and return
the basic fields, particles and waves science data to the
ground. This sequence will continue to exccute for the
duration of the mission without any additiona
commands from the ground

The sccond element of the stralegy is having the
pointing information nccessary to keep the boresight of
the 1 ligh Gain Antenna (13GA) pointed at the 1 larth until
the year 2020 for Voyager 1 and 2.()17 for Voyager 2
stored (m-board each spacecraft.  This provides the
capability for continuous communication with cach
spacecrafl without further HGA pointing  commands,

The third element provides the capability of
augmenting the baseline. sequence with non-repetitive
science or eng incering events using cither an “overlay
scquence,” or a"mini-sequence.” The diflerence between
these two types of augmentation sequences is that the
overlay sequence operales for a fixed interval of lime,
currently 6 111011 (}1s, and contains a | of the baseline
sequence augmentations for that time interval. A mini -
sequence  is focused on accompl ishing a single
augmentation nced and is not a regularly scheduled
aclivity but is done on an as-needed basis.

The fourth element is the use of pre-defined and
validated blocks of commands (high level sequencing
language), rather than the optimized sequence of
individual commands (low level scquencing language),
used during the prime. mission to accomplish desired
spacecraft functions. While the usc. of pre-defined blocks
of commands greatly reduces the effort required to

generate and  validate a sequence of commands, there is
an ineffliciency in the number of memory words neaded
to accomplish) a given function. Fortunately, the VIM
science data acquisition req uirements and available on-
board sequence storage memory supports the use of pre-
defined blocks of commands.

Bascline Sequence

The bascline sequence is the set of instructions
stored in the CCS memory and composed of the
repetitive spacecrafl activities that execute continuously
toreturn the basic fields, particles, and waves science
data, 1 ilevenpredefined spacecraft block routines
(equivalent 10 software subroutines) aiso stored in the
CCSmemory arc used by the baseline scquence to
accomplish the desired spacecraft activities.  During
nonmal  operations, cach  spacecralt perforr ns  the
following repetitive baseline. sequence science and
engineering aclivities;

- continuous collection andreturn of cruise
science data @ 160 bps;

- weekly recording of one frame of high rate
plasma Wave data;

- playback of six months of recorded high rate
plasma wave data every 6 months;

+ execution of amagnctometer calibrationroll
mancuver (M AGROI.) every 3 months;

+exceution of a High Gain Antenna/Sun Sensor
calibrationmancuver (A SCAL.) every 6 months;

+exccution of a monthly Fields, Particles and
Waves Periodic Engincering and Science
Calibration (’PMPCAL);
perform IDYTR maintenance twice a year,

+perforim gyro conditioning and a CCS timing
test every 3 months.

Overlay/Mini- Sequence

Overlay scquences are Used to  augment the
continuously exccuting baseline scquence and are
prepared on arcgularly scheduled basis, currently every 6
months. The over lay sequence provides @ mechanism
for incorporating non-repetitive science and engincering
events into the spacecraft - scquencce-of-activities  and
executes in combination with the baseline scquence.
T'ypical eventsin overlay sequences have included:

ultraviolet stellar and heliospheric observations;
.two additional MAGROL.s pcr year per
spacecraft;




+ additiona high rate plasma wave records and
playbacks;

.1 )TR playbacks to rc.cover datawhena baseline
sequence playback is not captured on the ground
updates to the Backup Mission 1 .oad or Fault
Protection Algorithms;

updates to the baseline sequence.

During the first three years of the VIM, overlay
loads were generated every 3 months for cach spacecrall.
One of the cffects of the 1993 flight team stafling
reduction was the extension of the overlay load duration
from 3 months to ¢ months.  The most Significant
science data acquisition impact of (his extension was the
clfeetive halving of” the acquisition of ultraviolet data at
dif ferent scan platform positions throughout the year.

The acquisition of ultraviolet observations, which
requires pointing of the scan platform, is the primary
driver for the regular] y scheduled overlay loads. Around
the turn of the century, the available clectrical power
w i || no lorger support the operation of the scan
platform and the ultraviolet instrument. At that time,
the use of overlay sequences will probably end andmi-
sequences, prepared (m an as needed basis, wint be used
Mini- sequences are
usually intended to perform a single specific function
rather than the multiple functions performed by an
overlay sequence. A mini-sequence may be used to
replay DTR playback data not captured pay the ground,
respondto a spacecraft anomaly, recordand playback
additional high ratc plasma wave data when the
termination shock is encountered, or other science o
engincering activities.

10 augment the t)asc.fine sequence.

Transmitting the Data to the Ground

The Voyager Interstellar Mission 1S, with one
exception, @ real time data acquisition and return
mission. All seven of the operating instruments on
cach spacecraft arc continuously collecting data and
transfer ring it to the FDS for jmmediate transmission to
Liarth. The normalreal time transmission datarate is
160 bits per second (bps), including 10 bps engincering
data. Periodically the real time. data rate s increased to
600 bps to provide increased ultraviolet spectral
resolution during solar monitoring observations.

The one exception 1o real time data return is that
once a week on cach spaceeraft, 48 scconds of high rate
(115.2 Kbps) of plasma wave data are recorded onto the
)T These dataare played back cvery 6 111011111S
providing increased temporal and spectral resolution
snapshots of the plasma wave information. These high
rate plasma wave data have provided the primary data for

the Plasma Wave Investigation Team's estimate of the
termination shock and heliopause 1ocations. » Recording
and playback of highrale plasima wave data will
continuc until the years 2010 (Voyager 1) and 2012
(Voyager 2) when telecommunications capability will
no longersupportthe minimum playback data rate of
1.4 Kbps.

Capturing the Data on the Ground

Real time telemetry data capture is accomplished
using 34 meter tracking antennas of the DSN. Capture
o { the high rate plasma wave data, requires the use o 70
meter tracking antennas, and in some instances a two
antenna array of a 70 meter and a 34 meter antenna.,

Science investigation teams would like to have
contiguous data capture ('24 hours per day of tracking
support for cach spacecraft) to maximize there ability to
characterize  the  heliosphere  and  the  heliospheric
processes that are at work in the outer solar sy stem.
Continuous tracking support iS unrealistic given the
number of current and future spacecraft utilizing the
DSN’s antenna resources.  Sixteen hours per day o f
tracking support for cach spacecraftis the project's tat.get
for science data acquisition.  This target has been
achicvable in the past but the expected future increase in
missions being supported by the DSN networks will
resultinreduced tracking station availability for the two
Voyager spacccraft. AS tracking support is reduced. the
ability to characterize the heliospheric medium i s
degraded. Acceptable minimum science data acquisition
Jcquirc.meats vary between 12 and 4 hours per day per
spaceeraft depending on the specific investigation.

Delivery to Science Inve stigation Teams

Science data are provided clectronically to the
science investigation teams in the form of a Quick 1.ook
Experiment Data Record (QEDR) and Experiment Data
Record (EDR). A Voyager 1and Voyager 2 QEDR for
cach science investigation is generated daily (M onday
through Friday) containing the available. datasince the
last Q1IDR was produced.  Since. these products ar
produced in near-real-tit ne, generally within 24hours  of
the data capture, data gaps due to a varicty of ground
problems can be present in the Q EDR product. Once a
week (Thursday), EDRs are created for the previous
weeks (Fhursday through Wednesday) data capture. In
this product, data gaps resulting from ground problems
have been {illed to the extent possible. When the final
EDRs are available, science teams arc notified by
clectronic mail. The science teams then retricve the data
at their convenience for further processing and analysis.



Spacecraft monitor and control includes the real-
time. functions necessary to monitor spacecrafl health
(downlink functions) and to transmitand verify
commands  (uplink functions).  During (he primary
Voyager missionthese real -time functions were
supported around the clock by {light team personnel.
With the reduced flight team staffing during VIM and the
accept abi lily of incrcased risk daring an extended
mission, real-tilm support is limited to weekday prime
shi ft and special off-shift events (commanding, | YTR
playbacks, and attitude mancuvers).  This reduced real-
time  monitoring  support  was  enabled by  the
development and implementation 0 T an automated
telemetry monitoring tool. This tool, VAMPIRY
(Voyager Alarm Monitor Processor Including Remote
I ixaminat ire), processes the broadeast telemetry data,
detects alarm conditions, and initiates contact with on-
call personnel who may remotely log onto  the
engincering workstation viaasecure dial-back mode mto
evaluate the telemetry data when anomalous conditions
occur. ‘1 'his automat ion tool has proved to be valuable
in  maintaining high mission reliability during
significant downsizing of the flight team staffing level.

Maintaining SpacecraftHealth and Safety

While spacecralt monitor and control is a real-time
operations function, maintaining spacccrafl health and
safety IS a non-real-time function. 11 includes: the
analysis of eng incering telemelry data to establish and
evaluate subsystem performance treads; the. periodic
inflight exccutionand analysis of subsystem calibrations
and engincering tests; the identification and analysis of
anomalous  conditions and the determination  of
recommended corrective actions.

‘The analysis o f  engincering telemetry data to
establish and evaluate subsystem performance trends is a
regularly performed operations function.  The UNIX
workslations provide tabular and graphic summai ics of
real-time o r archived telemetry data. 3 Jowever, the
analysis of these data relies on  the system and
subsystem expertise retained by the individual flight
team members, A's the flight team looses system and
subsystem cxpc]-list ducto the retivement of flight team
members and the downsizing of the flight team, it is
imperative  that  automated  analysis ~ ()()Is  be
implemented. An effort is currently underway within
the flight t e am to identify potential — automated
subsystem analysis tools for future implementation.

Periodic inflight calibrations and engincering tests
arc used for verifying spacecraft performance, and

maintaining spacceralt capabilitics,  While some of
these calibrations and tests are included in the bascline
sequence, the majority arc initiated from the ground in
cither an overlay sequence OF a mini-scquence.

The identification and analysis o f anomalous
conditions and the determination  of  recommended
corrective actions is a function that is performed
whienever needed. It's accomplishment is similar to the
analysis of cngincering telemeltry data, in that it relics
on the system and subsystem expertise of the individual
flight team members. T'o assist the CCS/EHDS analyst,
there is an automated tool, MARVHI.
(Monitor/Analyzer of Real-time Voyager Lingincering
1 .ink) that monitors CCS/FDS telemetry  data  and
displays on a workstation screen any conditions that ane
not as predicted. MARVEL, performs limited analysis of
the CCS/EDS telemetry and identifics possible. causes of
the anomalous condition and potential corrective actions
from the stored knowledge base within the program.

Consumables Management

Both spacecraft have on-board consumables that arc
adequate to support spacecraft operation until around the
year 2020.” 11 ydravine propel lant, for attitude control,
and clectrical power arc the two major consumables.
1 3oth spacecraft have over 35kg of hydrazine which
provide over 50 years of operation at the current usage.
rates.

f ilectrical power for t he Voyager spacccraft is
provided by R'T'Gs which at launch provided = 470 watls
of clectrical power a 30 Vde. 1 ductothe radioact ive
decay of the plutonium fact source, the clectrical power
provided by the RTGs is continually declining.  1he
current rate of decay isapproximately 5.2 watts per year.
In order to maintain an adequate power margin, it is
necessary to periodicall Y reduce the spacecrafl’s power
usage, by turning off power loads. ‘1'able, Ssummarizes
the key mission changes resulting from the power
reduction plan. This plan preserves the operation of the
ficlds, particles and waves instruments (MAG, 1'1,S,
LECP, CRS, PWS, PRA) until approximately 2015 at
which time they Will beturned off,oncata time, as
necessary. The order of turn-ofl” will be dependent upon
the instrument status at that time,

Power Reduction Voyager | Voyager 2
Terminate UV data acquisition and

scamplatform operations 1999 1998
Terminate £yro operations

(MAGRO). & ASCAI. calibrations) 2007 2004
Start turning ofl fields, particles and

waves instrutnents 2015 2016

Table S - Key] "ower]< c(iLlclioll];Y’ ct]ls’




Mission Adaptivity

While Voyager is primarily a real-time data
acquisition and return mission, two types of science data
acquisition andrcturn adaptivity cxist. Both of these
capabilitics have been successfully used during the VIM.

Thefirst OF these capabilities is the recovery of a
high fate 1'WS playback that is not captured with the
initial playback. The response to the loss Or @ playback
is 10 sequence asccond playback prior to the time when
dataon the. 1YTR isoverwritien with newly recorded data.
Fornormal bascline sequence recording of PWS data this
alows 6 11101111)s 1o execute a second playback.

The second of these capabil it ics IS to increase the
frequency of high rate PWS records and playbacks. ‘1 ‘his
canbe i n response to a predicted termination shock
crossing or increased plasma wave activity during cruise.
Increased plasma wave activity in 1992 and 1993
resulted i nincreasing the record and playback ralte 1o
improve the temporal resolution of the observed cvent.

Protection Against Spacecralt Failures

I n o1 der to maxi mize the spacceraft science data
return reliability for an extended mission with the
potential of continuing until 20%(), automated safeguards
against possible mission-catastrophic  failures  arc
provided by each Voyager spacecrafl.  These salcguards
include the Backup Mission 1 .0ad and automated Fault
Protection Algorithms.

Backup Mission 1.0ad

The first of these safe.gLmrdsis the Backup Mission
1 oad (BMI.) which provides on-board automated
protection ag ainst the loss of command reception
capability. ‘This is especially important I, Voyager 2
where the primary receiver has already failed resulting in
a singl c-poi nt-of-failurc condition.  Without command
reception capability, the spacecraft must continue to
operate with the instructions previously stored in the
CCS memory. The BM L reconfigures the spacecraft for
maximum teleccommunication  and  attitude  control
reliability and modifies the baseline sequence to continue
the acquisition and transmission of fields, particles, and
waves science data as long as the spacecralt continues to
function, K ¢ y BMI .changes to the spacecralt
configuration and baseline scquence include:

. sclection of attitude control deadband o maximize
downlink teleccommunications capability;

. increase yaw thruster puise duration from 4msce
to 1 o msec (return 1o normal duration);

» sclection of the 160 bps datarate for ma-lime
telemetry data return;

« sclection of X-band high power for downlink
telemetry data transmission;

+ termination of attitude mancuvers (MAGROI s
and ASCALI .9).

The BMI, will also terminate gyro opcrations a
specified times when the predicted electrical power
availability will nolonger support their operation (2007
for Voyager 1 and 2004 for Voyager 2). IDI'R record and
playbacks will also be terminat ed by the BMI. when the
predicted downlink telecommunications pet formance will
no longer support the playback rate of 1.4 kbps (2010
for Voyager land 2012 for Voyager 2).

Fault Protection Algorithms

Fach Voyager spacecraft has Fault Protection
Algorithms (FPAs) stored on-board that are designed to
rL’L’over the  spacecraft  from  otherwise  mission-
catastrophic ~ failures. The FPAs am  mostly
implemented in the CCS, while a few arc interaclive
with the AACS fault protection routines.  ‘1'able6
describes the five FPAs that are stored in the CCS.

FPA Name FPA Description

AACS Monitors AACS status information and issucs
Power Code pre-progr arn med recovery responses in the
Piocessing cventor AA(’S anomalics

Conunand Switches to redundant command reception
Loss hardware units in an effort to re-establish

corm nand reception capability if a commmand has
not been received within a specif ied timie
interval(currently setat 42 aays)

Radio Monitors S and X-band exciter and transmitler

Fiequency hardware, and switches to redundantunits if a

Power 1.oss failure is detected

cesH 1T Responds to critical anomalous CCS hardware
and soflware conditions. The responsc typically
stops any ON-going sequence activitics, praces
the CCS in a known quicscent state and waits far
ground action

Powet Responds to CCS tolerance detector trip or

spacceraft undervoltage power utilization
condition by switching 1o redundant hardware in
anatlemptto isolate an clectrical fault and then
climinating, power loads in a predetermined

Recovery

man net if required

Table 6 - Fault Protection Algorithins
Voyager Project 110MC. Page
For more information and the current status of the
Voyager Project, the World Wide Web address of the

Voyager Project Home Page is

hitp://vraptor.jpl.nasa.gov/voyager /voyager.htim!
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